Descending propriospinal neurons (DPSN) are known to establish functional relays for supraspinal signals, and they display a greater growth response after injury than do the long projecting axons. However, their regenerative response is still deficient due to their failure to depart from growth supportive cellular transplants back into the host spinal cord, which contains numerous impediments to axon growth. Here we report the construction of a continuous growth-promoting pathway in adult rats, formed by grafted Schwann cells overexpressing glial cell line-derived neurotrophic factor (GDNF). We demonstrate that such a growth-promoting pathway, extending from the axonal cut ends to the site of innervation in the distal spinal cord, promoted regeneration of DPSN axons through and beyond the lesion gap of a spinal cord hemisection. Within the distal host spinal cord, regenerated DPSN axons formed synapses with host neurons leading to the restoration of action potentials and partial recovery of function.
Introduction
Descending propriospinal neurons (DPSNs) are important in mediating multiple spinal functions including reflex, posture, and locomotion (Conta and Stelzner, 2004) . The greatest numbers of DPSNs are located in the medial part of Rexed's lamina VII and VIII (Matsushita et al., 1979; Conta and Stelzner, 2004; Reed et al., 2009) . These neurons constitute an uninterrupted cell column, and their axons project bilaterally through the ventrolateral funiculi (Conta and Stelzner, 2004; Reed et al., 2009) . DPSNs are known for their direct activation of motoneurons and interneurons as well as for their "functional relay" of supraspinal signals (Illert et al., 1977; Molenaar and Kuypers, 1978; Matsushita et al., 1979; Alstermark et al., 1991) . Following spinal cord injury (SCI), supraspinal axons, such as those from the corticospinal tract (CST), fail to regenerate through the lesion site (Sivasankaran et al., 2004; Liu et al., 2008) . Therefore, regeneration of DPSN axons may provide an alternative pathway or functional relay that transmits supraspinal motor commands down to the spinal cord. The importance of such a repair strategy is further enhanced by the evidence that axons of DPSNs show greater growth potential after injury than those from long projecting supraspinal neurons (Richardson et al., 1980; David and Aguayo, 1981; Xu et al., 1997; Iannotti et al., 2003; Fenrich and Rose, 2009) .
After SCI, axonal regeneration in a rostrocaudal orientation is essential for significant functional recovery. Because the formation of cavities inevitably occurs following SCI, an important strategy is to construct growth-permissive substrates, such as periphery nerves or cell-laden tissue engineered bridges, e.g., seeded with Schwann cells (SCs) (Richardson et al., 1980; David and Aguayo, 1981; Xu et al., 1997; Campos et al., 2004; Houle et al., 2006) . This strategy supports successful regeneration of axons across the lesion gap to reach the distal graft-host interface. However, due to the presence of a growth-inhibitory environment associated with reactive astrocytes and CNS myelin on the host side of the graft-host interface, regenerating axons failed to depart from the bridging transplants back into the host spinal cord (Xu et al., 1997; Bunge, 2008; Xu and Onifer, 2009 ). Thus, strategies emphasizing additional treatments within the caudal host spinal cord, including providing attractive cues, are essential to reconstruct new functional circuits across the injury.
Glial cell line-derived neurotrophic factor (GDNF) and its receptors are widely expressed in the developing and adult CNS. GDNF has a broad effect on recovery after injury, including neuronal survival, protection, axonal regeneration, remyelination, and synaptic formation (Perrelet et al., 2002; Iannotti et al., 2003; Ledda et al., 2007; Zhang et al., 2009) . In the present study, we sought to determine the efficacy of a new combinatory strategy by reconstructing a continuous growth-promoting pathway, formed by grafted SCs overexpressing GDNF (SCs-GDNF), which not only bridges the lesion gap but also extends into the caudal host spinal cord to enhance axonal growth through and beyond an SCI. We hypothesized that successful regeneration and re-innervation of the DPSNs establishes a functional relay that constructs new descending spinal circuits leading to recovery of motor function following SCI.
Materials and Methods
Generation of purified SCs. SCs were purified as described previously (Morrissey et al., 1991; . Purified SCs (purity Ͼ98%) at the third or fourth passage were collected for in vitro infection and transplantation.
Transduction of SC in vitro. SCs were pretreated with 4 -6 g/ml polybrene (Sigma-Aldrich) for 30 -60 min, infected by lentiviruses expressing either green fluorescent protein (SCs-GFP) or GDNF (SCs-GDNF), or both (SCs-GFP/GDNF; for demonstrating survival of grafted SCs in the caudal host spinal cord) at multiplicity of infection (MOI) of 4, resulting in about 50% infection of cells (Abdellatif et al., 2006; Deng et al., 2011) . ELISA result showed that SCs, infected with lenti-GDNF (MOI ϭ 4), significantly increased GDNF production (65.05 Ϯ 7.89 pg/ml/10 6 cell/24 h), which was Ϸ60-fold higher than that produced by normal SCs or SCs infected with lenti-GFP ( p Ͻ 0.001).
Seeding SCs into mini-guidance channels. SCs-GDNF was seeded at a final density of 120 ϫ 10 6 cells/ml into semipermeable polyacrylonitrile/ polyvinyl chloride copolymer guidance channels with an outer diameter of 1.25 mm (provided by Dr. Xuejun Wen, Virginia Commonwealth University, Richmond, VA) according to a previously described method .
Animal groups. A total of 51 adult female Sprague Dawley rats (180 -200 g, Harlan) were randomly divided into three groups (Table 1) . All animals received a right-sided spinal cord hemisection at T-11 followed by implantation of a 3 mm long SCs-GDNF-seeded guidance channel. In the distal host spinal cord, a growth-promoting pathway was constructed by injecting either DMEM (n ϭ 14), SCs-GFP (n ϭ 16), or SCs-GDNF (n ϭ 21), into the distal host spinal cord (described below). Furthermore, to display the relationship between grafted SCs and regenerated axons in the caudal spinal cord, we had an extra group of rats (n ϭ 7) that received grafts of SCs that had been transfected with lentivirus-GFP and lentivirus-GDNF sequentially. To keep all researchers blinded to the treatment groups during behavioral assessments, surgeries, and electrophysiological recordings, we established a standard practice of coding all animals with numbers that are randomized and not reflective of treatment groups. Information about the type of treatment is separated from the coded numbers immediately following treatment and is not present during these procedures. All animal surgical procedures and postoperative care were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council) and the Guidelines and Policies for Rodent Survival Surgery provided by the Animal Care Committee of Indiana University.
Spinal cord hemisection, transplantation of SC-seeded guidance channels, and caudal injection of SCs. The procedures for spinal cord hemisection and mini-guidance channel implantation were described in previous publications Deng et al., 2011) . The spinal cord hemisection was performed at the T-11 level. DMEM, SCs-GFP, SCs-GDNF, or SCs-GFP/GDNF was injected into the caudal host spinal cord on the graft side at the time of channel implantation. The injections were made at 0.5 and 1 mm caudal to the edge of grafted channel and at 0.5 mm lateral to the midline and 1 mm ventral to the dorsal surface of the spinal cord. At each injection point, 1 l of DMEM or SCs (-GFP or -GDNF; density: 1 ϫ 10 5 cell/l) in DMEM was injected. Behavior assessments. Basso, Beattie, and Bresnahan (BBB) locomotor rating scale was performed every 2 weeks after SCI for up to 6 weeks (Basso et al., 1995) (see Fig. 1 ). The contralateral intact spinal cord was transected at the seventh week and BBB was re-assessed at the eighth week to evaluate functional recovery when only the regenerated transplant connected to the rostral and caudal spinal cords. Footprint analysis was conducted at the sixth week after transplantation according to our existing protocol (Titsworth et al., 2007) .
Anterograde and retrograde tracing. On the seventh week after spinal cord hemisection and transplantation, bilateral and stereotaxical injections of biotinylated-dextran amine (BDA; 10%, 1 l/site; Molecular Probes) were made into the intermediate gray matter of the T9 -T10 cord at distances of 3-6 mm rostral to the graft (for BDA, 1 injection/site/mm) according to a previously published work (Bamber et al., 2001) . For the retrograde tracing, animals received stereotaxical injections of 0.5 l of Fluoro-Gold (FG; 2%; Fluorochrome) into the spinal cord (from the midline 0.3 mm; from the dorsal surface of the spinal cord 1.2 mm) on the injury side at 1.5 mm distal to the guidance channel. Before the injection, the left intact hemicord was completely transected to prevent labeling of any axons coursing around the graft . The number of animals that received anterograde or retrograde tracings can be found in Table 1 .
Electrophysiological recording. To determine whether regenerating axons form functional synaptic contacts, extracellular recordings of field potentials were performed in vivo stereotaxically. Electrical stimuli were delivered with a bipolar stimulating electrode inserted into the intermediate gray region (where DPST neurons are originated) at 3-6 mm rostral to the lesion. The stimulating electrode was made from 000 stainless steel insect pins, insulated except for within 1 mm of the tops. Stimuli were constant current pulses of 0.1 ms duration ranging from 0.1-3 mA. The recording electrode was pulled from glass capillaries with a tip resistance of ϳ5 m⍀ when filled with 2 M NaCl. Field potentials were evoked at 1, 2, and 4 times the threshold stimulating intensity. Field potential was recorded from the ipsilateral spinal cord caudal to the SC bridge transplant (where DPST axons terminate) under several conditions as follows:
(1) the presence of an intact contralateral hemicord, (2) transection of the contralateral hemicord to remove descending input through it, and (3) transection of the ipsilateral hemicord at the rostral grafthost interface to remove descending input through the graft. Recordings were performed with an Axoclamp 2B amplifier (Molecular Devices). Signals were digitized using a data-acquisition program and stored for off-line analysis. To quantify stimulus-induced voltage responses, we measured the amplitude of field potential as the difference between the baseline voltage (average voltage of 300 ms after response) and peak voltage of responses (occurred at about 50 ms after stimulus). For each rat, the maximal amplitude was used for comparison between different treatments.
Electron microscopy. Briefly, rats were perfused with 2% paraformaldehyde and 1% glutaraldehyde followed by 5% sucrose in phosphate buffer. Sections underwent a freeze-thaw procedure, incubated in avidinbiotin-peroxidase complex (1:50; Vector Laboratories) containing 2% normal goat serum in PBS, visualized with nickel-DAB/H 2 O 2 , and followed by conventional processes for transmission electron microscopy (Yan et al., 1999) .
Immunohistochemistry. Polyclonal rabbit anti-glial fibrillary acidic protein (GFAP) antibody (1:100, Millipore Bioscience Research Re- 
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agents), anti-microtubule-associated protein 2 (MAP2) antibody (1:100; Sigma), anti-P0 antibody (1:100, Millipore), and monoclonal mouse anti-synaptophysin antibody (1:1000; Millipore Bioscience Research Reagents) were used to identify astrocytes, neurons/dendrites, myelin, and presynaptic components, respectively, according to an existing protocol (Deng et al., 2011) .
Quantification of BDA-labeled axons and FG-labeled propriospinal neurons.
For quantification of BDA-labeled axons, three sets of serial BDAstained horizontal sections cut at a thickness of 20 m and spaced at 100 m between adjacent sections through the guidance channel and tissue cable were used for analysis. We defined the distal host-graft boundary (marked by GFAP staining) as a starting point "0" to measure the distances of regenerated axons appearing in the host caudal spinal cord at every 400 m interval. The number of BDA-labeled axons on each section was counted and summed. For animals receiving FG retrograde tracer injections, the rostral spinal cord segments were sectioned transversely and serially at 40 m. The number of FG-labeled cells was counted according to an existing protocol (Iannotti et al., 2003) .
Animal exclusion criteria. To avoid identifying intact axons as regenerating axons, we performed a second surgery to completely transect the remaining nonlesioned spinal cord contralateral to the graft. We then used the following highly conservative criteria to evaluate the completeness of the second transection and the possible mislabeling of nonregenerated axons. A rat was excluded if (1) examination of every 20-m-thick section, stained for GFAP, indicated an incomplete interruption of GFAP-labeled astrocytes in the contralateral cord after its transection or (2) if BDA-labeled axons were found to bypass the grafted guidance channel through the contralateral hemicord with an incomplete lesion (see Fig. 3 ). For animals receiving FG tracer injections, the same criteria applied for an incomplete transection. Additionally, in cases when FG was found to spread into grafted channel, it was excluded. In cases when the animal did not survive the second surgery, all their behavior scores were excluded from analysis. On the basis of these criteria, rats summarized in Table 1 were the final numbers included in the data collection.
Statistical analysis. Data are presented as mean Ϯ SD. Two-way ANOVA was used to determine statistical significance with Tukey's post hoc analysis. All statistical values were calculated using GraphPad Prism 5.0 software (GraphPad), with a p value Ͻ 0.05 considered statistically significant.
Results

Propriospinal axons regenerate back into the distal host spinal cord
We first determined the origin of neurons whose axons regenerated through and beyond an SCs-GDNF growth-promoting pathway. Retrograde tracer (FG) was injected into the host spinal cord 1.5 mm distal to the graft to label neurons from axons regenerating into or beyond the injection site caudal to the graft. Our results showed FG-labeled neurons rostral to the injury/graft mainly in the group that received SCs-GDNF within the transplant and caudal to it (Fig. 1 ). Most labeled neurons whose axons had regenerated at or beyond the injection site originated from propriospinal neurons located in lamina VII and the medial portion of lamina VIII, although some were also found in laminae III-VI and X. The labeled neurons were distributed bilaterally in the spinal cord; although, more labeled cells were found on the ipsilateral side. Greater numbers of FG-labeled neurons were found closer to the injury/graft site (Fig. 1) . The highest number of labeled neurons was found between T8 -T10 spinal cord levels. FG-labeled neurons were not found in supraspinal regions. In a pilot study, we determined that, in normal rats, FG can be transported from the injection site at the lumbar cord to the rostral spinal cord, red nucleus, and motor cortex at 1 week postinjection (data now shown) indicating that 1 week is sufficient for FG to be transported from the injection site to the brainstem and motor cortex. Thus, current data indicate that neurons whose axons regenerated through and beyond the SCs-GDNF grafts originated mainly from propriospinal neurons in close proximity to the injured segment.
To trace the course of regenerated propriospinal axons directly through and beyond the bridge transplant, we injected an anterograde tracer, BDA (2%) into the intermediate gray matter of the T9 -T10 cord at distances 3-6 mm rostral to the graft. Considering the possibility of bilateral projections or sprouting of injured propriospinal axons across the midline, it is necessary to transect the contralateral intact hemicord before evaluating axon regeneration caudal to the transplant. According to strict criteria that we set up (see Materials and Methods, Animal exclusion criteria), a qualified rat should display the histological evidence in serial horizontal sections of the spinal cord that (1) the lesion, outlined by GFAP-immunoreactivity (IR), should be complete (Figs. 2A, 3A-C), and (2) BDA-labeled axons did not bypass the transected contralateral hemicord (Figs. 2A, 4B-E). Two rats in the DMEM group, one rat in the SCs-GFP group, and one rat in the SCs-GDNF group were considered to have an incomplete lesion on the contralateral hemicord; one rat in the DMEM group and SC-GFP group did not survive after the second cord transection. These rats were all excluded from further analysis. In control groups, in which either SCs-GFP or DMEM was injected into the distal host tissue, outgrowth was sparse and limited to within 400 -600 m of the grafthost interface characterized by GFAP staining (SCs-GFP group: 2.5 Ϯ 4.342, n ϭ 7; DMEM group: 3.25 Ϯ 4.86, n ϭ 5, at 0.4 mm distal to the grafthost interface). While in the SCs-GDNF group, a large number of regenerated axons penetrated though the interface (195.1 Ϯ 113.4, n ϭ 7, at 0.4 mm distal to the interface). The longest axons that extended into the caudal cord were found to be at 5.0 mm from the distal interface ( Fig. 2A-D) .
Propriospinal axons regenerated through the bridge transplant to extend into the distal host spinal cord To avoid false positive results due to an incomplete lesion of the spinal cord allowing spared axons to bypass the lesion to enter the caudal cord, it is necessary to provide histological evidence of completeness of the lesion in serial sections. In all cases, we not only carefully judged the lesion gap on the contralateral side by visual observation during the relesioning surgery, but also by histological and immunohistochemical assessments on serial sections (Figs. 3, 4) . In Figure 3 , representative three sequential sections from dorsal to ventral were shown. GFAP staining outlines a clear complete transection of the contralateral hemicord between the rostral and caudal astrogliotic boundaries (Fig. 3A-C) . The completeness of the lesion was further confirmed by BDA axonal tracing (Fig. 4) . In both horizontal (Fig. 4B) and cross ( Fig.  4C-E) sections in Figure 4 , many BDAlabeled axons appeared in the rostral contralateral hemicord; however, they were all stopped at the rostral end of the lesion gap after the complete transection of the contralateral hemicord. In the distal portion of the transection, no BDA-labeled axons were found to escape from the transected site. Thus, BDA-labeled axons found in the caudal host spinal cord were exclusively derived from those regenerated through the bridge transplant.
Regenerated propriospinal axons form synapses on host spinal cord neurons
To determine whether regenerated propriospinal axons form new synapses on target neurons in the distal host spinal cord, colocalization of BDA-labeled axons with a presynaptic marker, synaptophysin, and a neuronal marker, MAP2, was performed. At low magnification, BDA-labeled regenerated propriospinal axons were clearly seen to penetrate through the graft-host interface (demarcated by the opening of the implanted channel wall) and to elongate for considerable distances within the distal host spinal cord (Fig. 5A) . At high magnification of boxed areas in Figure 5A , colocalization was observed with a presynaptic vesicle marker synaptophysin (green) on BDA-labeled propriospinal axons (red) and local neuron/dendrites (blue; MAP2 ϩ ; Fig. 5B,C) . Since regenerated axons innervated both the ventral and intermediate zones (Fig.  5D-F) , the dendrites that these axons contacted are likely derived from local interneurons or motoneurons. To obtain more solid evidences for synapse formation, we examined the samples with BDA immunoelectron microscopy (EM). We found that regenerated axons form presynaptic terminals with numerous synaptic vesicles, which were electron dense after immunolabeling for BDA reacted with streptavidin-horseradish peroxidase (Fig. 5C, lower right  insert) .
Grafted SCs survived, facilitated axonal regeneration, and formed new myelin on regenerated axons in the distal host spinal cord To determine whether grafted SCs survived and formed a growth-promoting pathway that facilitated axonal regeneration in the distal host spinal cord, we transfected SCs with lentivirus-GFP and lentivirus-GDNF sequentially (SCs-GFP/GDNF) and . Only BDA-labeled axons that regenerated through the bridge transplant re-enter the distal host spinal cord. A, Schematic drawing illustrates that BDA-labeled axons regenerate through and beyond a bridge transplant. In the contralateral hemicord, however, BDA-labeled axons are completely stopped after the transection of spared hemicord. B, A representative horizontal section shows that BDA-labeled axons grew through a regenerative tissue cable, penetrated the distal graft-host interface (yellow curved line), and re-entered the host spinal cord (yellow arrows). On the contralateral side, however, the labeled axons (red arrows) completely stopped at the site of hemicord transection (white curved line). C-E, representative cross sections taken from corresponding levels of the graft and adjacent cordtissueshowninB(whitestraightlines).C,Withinthegraftrostraltothecontralateraltransection,BDA-labeledaxons(whitearrows)wereseenbothwithinthegraftandthecontralateralhemicord.D,Within the graft caudal to the contralateral transection, BDA-labeled axons were found only within the graft (white arrow). E, In the host spinal cord caudal to the graft-host interface, BDA-labeled regenerated axons appeared only in the spinal cord ipsilateral to the graft. High magnification of the boxed area in E shows details of BDA-labeled regenerated axons in the distal host spinal cord. Arrows in B indicate the guidance channel wall. Yellow circles in C and D outline the guidance channel wall in cross sections. White dashed lines in C-E outline the gray matter areas. Scale bars: B, 400 m; C-E, 500 m.
then grafted these cells into the distal host spinal cord in an extra group of rats (n ϭ 7). We found that grafted SCs-GFP/GDNF survived in all rats (Fig. 6) . The average distance of grafted SCs extended from the caudal graft-host interface is 3.14 Ϯ 1.07 mm. In the caudal spinal cord close to the graft, many BDA-labeled regenerated axons appeared to grow within the SCs-GFP/GDNF territory, whereas others did not (Fig. 6 D, G) . In the spinal cord farther from the graft, however, the BDA-labeled regenerated axons only appeared to grow within the GFP-SCs territory (Fig.  6J ) . These results indicated that regenerating axons prefer to grow along with grafted SCs overexpressing GDNF and that they grow faster when being associated with SCs. A subset of regenerating axons was found to grow outside the SCs territory possibly due to the local GDNF gradient established by grafted SCs overexpressing GDNF. Overall, the grafted SCs overexpressing GDNF are very important in guiding axonal regeneration.
Myelination of axons is a prerequisite for the rapid propagation of nerve impulses. To obtain a good functional recovery, regenerated axons must be myelinated. We examined whether remyelination occurred along regenerated propriospinal axons. The BDA-labeled regenerated axons were found to be myelinated by SCs (Fig. 7A-C) . However this myelin could come from either endogenous SCs or grafted SCs. To further determine the source of myelin, we injected SCs-GFP/GDNF, described above, into the spinal cord caudal to the bridge transplant. We found that grafted SCs-GFP/GDNF remyelinated either regenerated BDA labeled axons (Fig. 7D-G) or non-BDA-labeled axons (Fig. 7H-K ) . Collectively, these results indicate that regenerated axons within the host spinal cord can be myelinated by the grafted or host-derived SCs. It is likely that GDNF played an important role in enhancing SC myelination on regenerated axons, as we demonstrated previously ).
Regenerated propriospinal axons conducted electrophysiological signals across the bridge transplant
To test whether regenerated axons were functional, we examined field potentials in the caudal spinal cord ipsilateral to the injury/ transplantation. As is shown in Figure 8 , field potentials were consistently evoked in both sham group (11.50 Ϯ 7.17 mV, n ϭ 4) (Fig. 8G ) and the group with SCs-GDNF injections into the caudal cord before contralateral hemisection (15.13 Ϯ 5.10 mV, (P0; green, yellow arrows) . D-G, Triple labeling of a cross section showed that BDA-labeled regenerated axons (red, F) were myelinated by grafted SCs (GFP, D) that expressed a peripheral myelin marker P0 (purple, E), which can be further appreciated in the merged image (G). H-K, Many grafted SCs (GFP; H) formed myelin (P0; purple) on host axons (NF, blue). Scale bar, 10 m. n ϭ 6, p Ͼ 0.05 compared with the sham group) (Fig. 8 A, B,G) . In the SCs-GDNFtreated group, the field potentials were reduced by about 45% after a contralateral hemisection (8.68 Ϯ 2.77 mV, n ϭ 6) (Fig.  8C, D, G) , and were almost completely abolished by a subsequent transection of the bridge transplant at its rostral grafthost interface (1.10 Ϯ 0.52 mV, n ϭ 3, p Ͻ 0.05, compared with prelesion conditions) (Fig. 8E-G) . Contrarily, in the control groups with injections of either SC-GFP or DMEM into the caudal spinal cord, voltage responses were significantly smaller than those in the SCs-GDNF group (SC-GFP: 0.69 Ϯ 0.11 mV, n ϭ 4; DMEM: 1.32 Ϯ 0.77 mV, n ϭ 4). Statistically significant differences were found between these two control groups compared with the SCs-GDNF-treated group ( p Ͻ 0.05; Fig. 8G ).
Recovery of locomotor function
Last, we examined whether regeneration of propriospinal axons through and beyond the SCs bridging transplant led to recovery of hindlimb locomotor function. Among the three groups, injections of SCs-GDNF into the caudal host spinal cord showed the best improvement for ipsilateral hindlimb function compared with the groups that received either SCs-GFP or DMEM injections (Fig. 9A) . These animals showed significant differences from controls in gross motor behavior starting between week 4 (BBB scores: DMEM group, 8.42 Ϯ 1.27, n ϭ 5; SCs-GFP group, 8.57 Ϯ 1.13, n ϭ 7; SCs-GDNF group, 10.14 Ϯ 1.07, n ϭ 7; p Ͻ 0.01) and week 6 (BBB scores: DMEM group, 9.14 Ϯ 0.69, n ϭ 5; SCs-GFP group, 9.14 Ϯ 0.90, n ϭ 7; SCs-GDNF group, 10.71 Ϯ 1.25, n ϭ 7; p Ͻ 0.05). When the intact contralateral spinal cords were transected at week 7, the right hindlimb function dropped to the lowest level in all groups, possibly due to spinal shock. One week after this second lesion, significant hindlimb function was observed only in the group that received SCs-GDNF injections into the caudal host spinal cord (BBB scores: DMEM group, 0.71 Ϯ 0.75, n ϭ 5; SCs-GFP group, 0.43 Ϯ 0.79, n ϭ 7; SCs-GDNF group, 5.85 Ϯ 1.07, n ϭ 7; p Ͻ 0.001). We also performed footprint analysis with these animals before cutting the contralateral cord. In this analysis, rats with BBB scores Ͻ 9 were excluded. We chose BBB scores ϭ 9 as a cutoff to rule out the unqualified rats and to reduce false negative results, because rats with a BBB score Ͻ 9 fail to display either dorsal or plantar stepping. For the right stride length (RSL) in the footprint analysis, we measured the distance between the central points of the imprints, since for rats just reaching the score of 9, some displayed dorsal stepping, which did not allow the identification of their central footpads. Significant differences were found in the RSL (DMEM group, 5.375 Ϯ 0.7544, n ϭ 4; SCs-GFP group, 6.150 Ϯ 1.546, n ϭ 4; SCs-GDNF group, 14.21 Ϯ 1.845, n ϭ 7; p Ͻ 0.001) between the SCs-GDNF group and the control groups (Fig. 9B) .
Discussion
Here we demonstrate evidence that a continuous growthpromoting pathway can be constructed in the adult rat spinal cord by grafting SCs-GDNF within an SCI and caudal to it, and D, F) are demonstrated from the same rat that received SCs-GDNF bridge transplant followed by injections of SCs-GDNF gradient into the ipsilateral distal host spinal cord. A, B, Field potential was recorded with the contralateral hemicord remained intact. C, D, Field potential was recorded after the transection of the contralateral hemicord. E, F, Field potential was recorded after the transection of the bridge transplant at the rostral graft-host interface. Note that the signal was abolished after total transection. G, Quantitative data show the amplitude of maximal voltage response in four groups. SC-GDNF treatment group, at both before or after contralateral hemisection, produced a significant increase in amplitude (*p Ͻ 0.05) when compared with that of either vehicle or SC-GFP treatment group. Importantly, the SC-GDNF treatment-induced increase in amplitude could be almost completely abolished by the total transection ( # p Ͻ 0.05) compared with the amplitude recorded before and after contralateral hemisection.
that this pathway leads to anatomical regeneration of damaged propriospinal axons from their cut ends to caudal targets of innervation, and formation of new synapses and myelin thereafter. Moreover, such regeneration resulted in partial electrophysiological and behavioral recovery. Given that regeneration of supraspinal axons is limited in our system, it is likely that the supraspinal motor system takes advantage of regenerated propriospinal axons by using this newly formed circuitry as a functional relay to transmit supraspinal commands down to the spinal cord. This repair strategy is encouraged by recent observations that spared long propriospinal axons can form a new intraspinal circuit that relays cortical input to its original spinal targets (Bareyre et al., 2004) , and that propriospinal relay connections that bypass one or more injury sites are able to mediate spontaneous recovery and supraspinal control of stepping (Courtine et al., 2008) .
Although we used the term regeneration to define the growth of cut axons, some uninjured propriospinal neurons in the vicinity of the lesion might also contribute to the overall axonal growth through and beyond the bridge transplant. Our hemisection model has a limitation in distinguishing between the two. Regardless of regeneration or sprouting, however, these axons grew through and beyond the injury and contributed to functional recovery. To date, no report has shown that sprouting axons have the same growth capacity as regenerating axons.
Although SCs are considered as a strong candidate for transplantation in SCI Fouad et al., 2005; Xu and Onifer, 2009) , their migratory ability is impeded by the presence of reactive astrocytes surrounding them (Lakatos et al., 2000; Fairless et al., 2005; Fouad et al., 2005) . Moreover, reactive astrocytes increase expression of inhibitory chondroitin sulfate proteoglycans, which form a chemical barrier that imposes major restrictions on axonal growth. To overcome such a growthrestriction at the graft-host interface, we developed this new strategy by providing a continuous growth-permissive pathway, formed by grafted SCs, not only through the lesion gap but also extending to the distal host spinal cord to allow more propriospinal axons to regenerate through and beyond the injury.
To enhance axonal growth through and beyond the injury, SCs were infected to overexpress GDNF. Our previous work showed that GDNF promoted abundant axonal growth within the SCs bridging transplant (Iannotti et al., 2003; Zhang et al., 2009 ). There are several benefits for the combined use of SCs and GDNF. First, the graft-host interface can be modified to be more permissive to axonal growth (Deng et al., 2011) . Second, high concentrations of trophic factor gradient beyond the distal interface may give additional incentive for more axons to leave the graft (Bamber et al., 2001; Tuszynski et al., 2003) . Third, many local spinal neurons within motor circuit and glial cells can be rescued by GDNF during the acute phase of the injury (Oppenheim et al., 1995) . Last, new synapse formation between regenerated axons and caudal neurons may be enhanced by GDNF (Ledda et al., 2007) . Using this novel strategy, numerous axons regenerated back into the caudal host spinal cord, innervating spinal neurons that may influence the activation of the locomotor central pattern generator or ventral motor neurons to execute motor commands. Importantly, regenerated axons displayed good physiological characteristics supporting action potential conduction as well as partial recovery of behavior function.
It is likely that different CNS tracts have different endogenous abilities to regenerate (Richardson et al., 1984) . Several supraspinal pathways such as the CST, rubrospinal tract, and descending serotonergic axons, as well as propriospinal axons, could contribute to behavior recovery in different injury models. In our study, by FG retrograde tracing caudal to the injury, we did not detect FG-labeled neurons within supraspinal motor neuron pools. The majority of FG-labeled neurons were confined to propriospinal neurons located in the T8 -T10 spinal cord segments. With SCs-GDNF treatment, the regeneration of these propriospinal axons through and beyond the transplant was likely due to their expression of the GDNF receptors GFR-␣ and c-Ret as well as their superior endogenous growth ability compare with other classes of neurons. Since more neurons were retrogradely labeled closer to the injury site, the distance between the site of axotomy and the affected neuronal soma seems to be crucial for determining axonal regeneration. This may be explained by higher expression of growth-associated proteins, such as GAP-43, and cytoskeletal proteins in axons when they were injured closer to the cell body (Doster et al., 1991; Fernandes et al., 1999) .
Once regenerated axons cross the distal graft-host interface, they are likely to encounter either the gray or white matter. Both regions have been shown to be growth permissive (Davies et al., 1999; Pettigrew and Crutcher, 1999) . To attain more functional recovery, it is necessary to guide the regenerated axons to the specific area in close proximity with host interneurons or motoneurons, which appear to play critical roles in plasticity and recovery of function (Bareyre et al., 2004; Courtine et al., 2008) . Although our SCs-GDNF was injected into the intermediate gray matter, regenerated axons appeared in both the white and gray Figure 9 . Partial recovery of function after axonal regeneration through a continuous SCs-GDNF growth-promoting pathway. A, Improved BBB locomotor recovery was found in the group that received caudal injections of SCs-GDNF (red), compared with caudal injections of SCs-GFP (blue) or DMEM (green) groups (***p Ͻ 0.001, SCs-GDNF vs SCs-GFP;
OEOEOE p Ͻ 0.001, SCs-GDNF vs DMEM group). The effect of recovery was diminished after contralateral hemisection at week 7 and was partially recovered only in the SCs-GDNF-injected group at week 8. B, Increased stride length on the graft side was found in the group that received caudal injections of SCs-GDNF (red bar) when compared with caudal injections of SCs-GFP (blue bar, ***p Ͻ 0.001) or DMEM (green bar, OEOE p Ͻ 0.01). RSL, right stride length.
matter (Figs. 5D-F, 6D-G) . However, all regenerated axons eventually end within the gray matter where labeled terminal boutonlike structures were observed (Fig. 5 B, C) . A key step toward restoration of function is to promote new synapse and myelin formation after successful regeneration distal to the injury. In our case, we found that axons regenerated in the target area formed new synapses with target neurons/dendrites (Fig. 5C, insert) . At the ultrastructural level, BDA-labeled presynaptic terminals were clearly seen to contain numerous synaptic vesicles (Fig. 5C, insert) . Furthermore, myelination of regenerated axons was found (Fig. 7) , suggesting that the regenerated axons could conduct action potentials.
Evidence for functional regeneration in our model was provided by the observation that regenerated axons conducted action potential and animals recover some behavior function when a continuous growth-promoting pathway of SCs-GDNF was provided (Figs. 8, 9 ). The rostral spinal stimulation in the intermediate gray matter followed by a caudal field potential recording suggested that the regenerated descending propriospinal axons across the lesion, activated the intraspinal circuits below the lesion, and contributed to the majority of functional recovery. However, for the lateral hemisection model, other mechanisms may contribute to recovery as well. One possibility is that transmidline sprouting of descending axons contralateral to the hemisection may provide a potential route for conveying descending axonal input to neuron pools at and below the level of the hemisection Vavrek et al., 2006; Courtine et al., 2008) . Other possibilities are that prelesioned axons from propriospinal neurons project to both the ipsilateral and contralateral caudal spinal cord (Alstermark et al., 1987) or they sprout across the midline after injury (Fenrich and Rose, 2009) . It seems that all these potential mechanisms, if they contribute to recovery, should take advantage of the intact, unlesioned contralateral cord. Therefore, to clarify the contribution from propriospinal axons, which truly regenerate through grafted bridges, in both electrophysiological and behavior evaluations, we transected the contralateral intact cord, and observed that the field potentials and behavior recovery remained, although to a lesser degree. Furthermore, relesioning the transplant at the rostral graft-host interface ablated the remaining signals, thus confirming that regenerated axons grew through the bridge transplant and conducted motor signals across the injury rather than bypassing it through the once intact hemicord. Interestingly, with the footprint analysis, we could only find significant differences in RSL between the SCs-GDNF-treated group and the other treatment groups, indicating that functional restoration occurs in more proximal than distal muscles, which could be innervated by different spinal pathways.
Although axonal regeneration, remyelination, and synaptic formation in our case appear to be functional, it remains unclear how efficient these connections were in transducing information. It is possible that the regenerated axons remained in a pathological state with decreased conduction velocities even after regeneration, possibly caused by chronic demyelination (Tan et al., 2007) . Although we show evidence that regenerated axons are myelinated, we do not know the extent along the axons or whether the thickness of the myelin surrounding the axons approaches normal. Thus, it is conceivable that, although regenerated axons reformed functional synapses on host neurons, the efficiency of these connections might not be optimal, which may also explain why only limited functional recovery was observed.
In summary, we have demonstrated that a growth-promoting pathway, formed by grafted SCs-GDNF, promoted a continuous regeneration of DPST axons through and beyond the lesion gap of a spinal cord hemisection. Within the distal host spinal cord, regenerated DPST axons formed new synapses on host neurons leading to partial restoration of action potentials and behavioral functions. Although our strategy is still experimental, it represents a proof of principle of a novel treatment opportunity, which is especially important considering the large number of patients presenting with severe spinal cord injuries.
